Classical accommodation is a form of spike frequency adaptation in neurons whereby excitatory drive results in action potential output of gradually decreasing frequency. Here we describe an essential molecular component underlying classical accommodation in juvenile mouse hippocampal CA1 pyramidal neurons. A-type isoforms of fibroblast growth factor homologous factors (FHFs) bound to axosomatic voltage-gated sodium channels bear an N-terminal blocking particle that drives some associated channels into a fast-onset, long-term inactivated state. Use-dependent accumulating channel blockade progressively elevates spike voltage threshold and lengthens interspike intervals. The FHF particle only blocks sodium channels from the open state, and mutagenesis studies demonstrate that this particle uses multiple aliphatic and cationic residues to both induce and maintain the long-term inactivated state. The broad expression of A-type FHFs in neurons throughout the vertebrate CNS suggests a widespread role of these sodium channel modulators in the control of neural firing.
Introduction
Intrinsic excitability, the relationship between a neuron's synaptic inputs and firing outputs, helps define the properties of larger neuronal networks that ultimately govern animal learning and behavior. Spike accommodation, also termed spike-frequency adaptation (Benda and Herz, 2003) , is an excitation property of many neurons defined as a decreasing rate of action potential firing during a steady excitatory driving current. In classical accommodation, also described as regular-spiking adaptation, action potentials are continuously generated during the current injection period, but with gradually increasing interspike intervals, while in burst accommodation, an accommodation phase of several spikes is followed by a long period devoid of firing (Gupta et al., 2000; Y. Wang et al., 2004; Aracri et al., 2006; Wozny and Williams, 2011) . Spike accommodation has been shown to play roles in perceptual processing and learning (Moyer et al., 2000; Benda et al., 2005; Peron and Gabbiani, 2009 ).
Burst-type accommodation is mediated via slowly developing potassium currents derived from both calcium-dependent potassium channels along with M-type voltage-gated potassium channels. The calcium-activated outward potassium current enhances the action potential's slow afterhyperpolarization, initially lengthening interspike intervals and then preventing depolarization to spike threshold (Moyer et al., 1992; Pedarzani and Storm, 1993; Faber and Sah, 2002; Tombaugh et al., 2005) . Curiously, this mechanism of burst accommodation becomes more prevalent in CA1 pyramidal neurons of aging animals (Moyer et al., 1992; Tombaugh et al., 2005) , but is only uncovered in CA1 neurons from young adults when certain voltage-gated potassium channels are inhibited pharmacologically (Chen et al., 2014) . The slow activating and deactivating M-type voltage-gated potassium current is also essential for burst spiking in CA1 pyramidal neurons (Peters et al., 2005) .
In contrast, molecular mechanisms underlying classical accommodation are less well understood. Genetic blockade of M-type potassium channels reduces, but does not eliminate, classical accommodation in CA1 pyramidal neurons (Otto et al., 2006) . Additionally, slow recovery of sodium channels from the inactivated state has been suggested as contributing to classical accommodation (Martina and Jonas, 1997) , and this suggestion has been strengthened through both computational studies (Platkiewicz and Brette, 2011) and dynamic current-clamp experiments (Milescu et al., 2010) .
Voltage-gated sodium channels can enter into a prolonged refractory state by two distinct pathways. Slow inactivation is often defined as a transition requiring membrane depolarization for one to several seconds and rendering sodium channels refractory to opening over hundreds of milliseconds following membrane repolarization (Ulbricht, 2005) . As slow inactivation is mediated by the voltage sensor domains within the channel's pore-forming ␣-subunit (Silva and Goldstein, 2013a,b) , this phenomenon can occur in a broad range of excitable cell types (Ulbricht, 2005) , although susceptibility to slow inactivation can be modulated by channel phosphorylation (Y. Chen et al., 2006) . Slow inactivation of sodium channels is likely responsible for spike frequency adaptation during prolonged multisecond stimulus intervals (Fleidervish et al., 1996) .
In contrast, fast-onset long-term inactivation is a distinct process induced within 1-5 ms of depolarization, also resulting in long refractory periods following repolarization. Fast-onset longterm sodium channel inactivation was first described in Myxicola giant axon (Rudy, 1981) and in the somatic and dendritic compartments of hippocampal CA1 pyramidal neurons (Colbert et al., 1997; Jung et al., 1997; Martina and Jonas, 1997) . These findings suggested that long-term sodium channel inactivation underlies classical accommodation (Martina and Jonas, 1997) and dendritic spike attenuation (Andreasen and Lambert, 1995; Callaway and Ross, 1995; Colbert et al., 1997; Jung et al., 1997) . Long-term sodium channel inactivation has also been described in spinal motor neurons (Miles et al., 2005) , medullary raphe neurons (Milescu et al., 2010) , and cerebellar nuclear and Purkinje neurons (Aman and Raman, 2007) . Several reports have referred to fast-onset long-term inactivation as slow inactivation or accumulating slow inactivation (Rudy, 1981; Mickus et al., 1999; Miles et al., 2005; Aman and Raman, 2007; Milescu et al., 2010) , with one study suggesting that slow-onset and accumulating fast-onset slow-recovering inactivation are equivalent sodium channel states arrived at through different pathways (Mickus et al., 1999) .
A-type isoforms of fibroblast growth factor homologous factors (FHFs) (Smallwood et al., 1996; Hartung et al., 1997; Q. Wang et al., 2000) have been shown to induce fast-onset sodium channel long-term inactivation upon ectopic coexpression with sodium channels (Rush et al., 2006; Laezza et al., 2009; Dover et al., 2010) , although the biological significance of this finding was not established. A-type FHFs bear an N-terminal inactivation particle that competes with a sodium channel's intrinsic fast inactivation mechanism upon membrane depolarization (Dover et al., 2010) . Here, we use a novel neutralizing monoclonal antibody to show that A-type FHFs are broadly expressed in neurons within the brain and mediate fast-onset long-term inactivation of a subset of sodium channels within the soma and proximal processes of juvenile mouse hippocampal CA1 pyramidal neurons. During a spike train driven by constant current application, A-type FHF-induced progressive loss of sodium channel availability gradually raises the spike threshold to induce classical accommodation. We further show that the N-terminal particle common to all A-type FHFs employs a set of aliphatic and cationic residues to block open sodium channels and maintain a long-term inactivated state that is distinct from slow inactivation.
Materials and Methods
Plasmids, mutagenesis, and transfection of Neuro2A cells. TTX-resistant murine Na v 1.6
TTXr (Na v 1.6 Y371S ) cDNA in bicistronic vector pIRESneo3 (Clontech) was described previously (Dover et al., 2010) . Human Na v 1.5 cDNA in the pcDNA3.1 expression vector was a gift from R. Kass. were generated with complementary mutagenic primers and PfuTurbo DNA polymerase (Stratagene). Bicistronic expression of FHF and GFP in pIRES2-ZsGreen1 (Clontech) was described previously (Dover et al., 2010) . FHF2A mutations I5A, L9A, I10A, R11Q, K13Q, R14Q, R17Q, R11Q/R14Q, R11Q/R17Q, and R14Q/R17Q were generated using complementary mutagenic primers.
Neuro2A cells were used for expression of sodium channels and FHFs by Lipofectamine (LFN2000)-mediated plasmid transfection (Lou et al., 2005; Dover et al., 2010 ) at a 2:1 ratio of Na v -and FHF-expressing plasmids. For protein expression analysis, transfected cells were lysed after 24 h culture. For electrophysiology, transfected cells were trypsinized, plated onto coverslips, and maintained for 24 -48 h before transfer to the recording chamber.
Peptides, antibodies, immunoblots, and immunofluorescence. N-terminally acetylated peptide corresponding to FHF2A residues 2-18 (F2A 2-18 ; acetyl-AAAIASSLIRQKRQARE) and unmodified peptide corresponding to Na v ␤4 residues 154 -167 (␤4 154 -167 ; KKLITFILKKTREK) were custom synthesized, purified by HPLC, and confirmed by mass spectroscopy (China Peptides). Mouse monoclonal N235/22 (IgG 2b ) was generated against peptide F2A 2-18 in collaboration with the University of California (UC) Davis/NIH NeuroMab Facility. Other antibodies included rabbit anti-FHF2(C terminus; Schoorlemmer and Goldfarb, 2002) , mouse monoclonal (IgG 1 ) anti-ankyrin G (Santa Cruz Biotechnology), and mouse monoclonal N126B/31 (IgG 2b ) anti-neuregulin extracellular domain (UC Davis/NIH NeuroMab Facility). Horseradish peroxidaseconjugated secondary antibodies were from Jackson ImmunoResearch, and fluorescent secondary antibodies along with TOPRO iodide were from Invitrogen.
Cell lysates in 1% Triton X-100 were electrophoresed through 4 -20% precast polyacrylamide SDS gels (Pierce Thermo Fisher), electrotransferred to PVDF membrane, blocked in 5% milk, and probed with primary and peroxidase-conjugated secondary antibodies that were detected with chemiluminescent substrate and autoradiography. For immunofluorescence, 4% paraformaldehyde-fixed brain 20 m cryosections or 200 m vibratome brain slices fixed after electrophysiological recordings were permeabilized in 0.5% Triton X-100, blocked with 10% horse serum, and probed with primary and fluorescent secondary antibodies. Sections were briefly stained with TOPRO iodide just before mounting and confocal microscopy (Leica Instruments).
Sodium current measurements in transfected Neuro2A cells. For analysis of Na v 1.6
TTXr -mediated inward sodium currents, O 2 :CO 2 (95:5; carbogen)-bubbled extracellular solution contained the following (in mM): 109 NaCl, 26 NaHCO 3 , 10 HEPES, 4.7 KCl, 11 glucose, 1.2 MgCl 2 , 2 CaCl 2 , 0.2 CdCl 2 , 3 myo-inositol, 2 Na pyruvate, 0.001 TTX (buffered to pH 7.2 with NaOH), and the intracellular pipette solution (Pipette Solution I) contained 104 CsF, 50 tetraethylamine chloride (TEA), 10 HEPES, 5 glucose, 2 MgCl 2 , 10 EGTA, and 2 Na 2 ATP, 0.2 Mg-GTP (buffered to pH 7.2 with CsOH). For analysis of Na v 1.5-mediated sodium currents, solutions were modified to lower the sodium ion reversal potential; extracellular NaCl was reduced from 109 to 29 and replaced with 80 choline chloride, and pipette solution was changed to 100 NaF, 20 NaCl, 30 TEA, 10 HEPES, 5 glucose, 2 MgCl 2 , 10 EGTA, 2 Na 2 ATP, and 0.2 NaGTP (buffered to pH 7.2 with NaOH; Pipette Solution II). When peptides (1 mM) or antibodies (500 g/ml) were used, pipettes were backfilled ϳ0.5 mm with polypeptide-free solution before topfilling with peptide-containing or antibody-containing solution. The recording chamber was set within a Nikon EF600 microscope equipped with 40ϫ water-immersion objective and video camera. Transfected cells were identified by green fluorescence and whole-cell configuration was induced after achieving a 5-20 G⍀ seal. For experiments using pipettes with peptides, antibodies, and their negative controls, series resistance after break-in was 7-14 M⍀. For experiments testing FHF mutagenesis that did not use peptide/antibody perfusion, wider pipette tips were used yielding a series resistance of 2.5-5 M⍀.
Voltage-clamp and current recording was conducted using an Axopatch 200B amplifier, Digidata 1322 digital/analog interface, and pCLAMP9 software (Molecular Devices). When using patch pipettes containing peptides, recordings were initiated after a 10 min perfusion period, while for patch pipettes containing antibody, recordings were conducted 2 min after gaining cell access (preperfusion control) and at later time periods after antibody perfusion. Recording signals were filtered at 5 kHz and digitized at 10 kHz or 20 kHz. Membrane capacitance and series/access resistance were calculated from current responses to a voltage-clamped step depolarization from Ϫ90 to Ϫ60 mV. For measurements of evoked sodium currents, capacitive and leak currents were subtracted during data acquisition using the presweep hyperpolarizing P/N method in the pCLAMP9 software.
Protocols for measuring voltage dependence of sodium channel activation and steady-state inactivation and accumulation into and recovery from long-term inactivation were described previously (Dover et al., 2010) . Each sweep of the three-step protocol for measurement of longterm inactivation voltage dependence (Fig. 7 A, B) consisted of a first depolarization at variable voltage to assay for channel activation, a 40 ms Ϫ90 mV recovery phase, and a second depolarization to 0 mV to measure available channels and thereby assay for long-term inactivation. The protocol has been modified from its previous description (Dover et al., 2010) by shortening the duration of the first depolarization in each sweep to 5 ms. (Gonoi and Hille, 1987) . Mutual competition for channel block between FHF2A-and Na v ␤4-derived peptides were assayed on cells expressing Na v 1.5 F1486Q (Fig. 7C-H ) , as ectopically expressed Na v 1.6 does not readily show Na v ␤4-induced resurgent current (Y. Chen et al., 2008) . In these experiments, sodium ion concentrations in solutions were modified to adjust the sodium reversal potential to approximately Ϫ10 mV and a protocol of four depolarization cycles to 70 mV separated by 40 ms recovery periods at Ϫ100 mV.
Recordings in mouse hippocampal CA1 pyramidal neurons. 129S2/ SvPasCrl mice of either sex (P14 -P25) were killed by decapitation after isoflurane anesthesia, and transverse 100 -300 m hippocampal slices were cut with a Leica VT1200S (Leica Microsystems) in ice-cold aCSF containing the following (in mM): 126 NaCl, 3 KCl, 2.5 CaCl 2 , 1 MgCl 2 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , and 10 D-glucose, 300 -305 mOsm/L, pH 7.3-7.4, when bubbled with carbogen. Slices were immediately placed in a 36°C holding chamber containing carbogenated aCSF and were allowed to recover for a minimum of 30 min before transfer to the roomtemperature recording chamber.
For sodium current analysis, the carbogen-bubbled extracellular solution contained the following (in mM): 100 NaCl, 26 NaHCO 3 , 19.5 TEA, 4-AP), 3 KCl, 10 glucose, 2 MgCl 2 , 2 CaCl 2 , 2 BaCl 2 , and 0.5 CdCl 2 , and patch pipettes were filled with Pipette Solution I. For calcium current analysis, the extracellular solution above was modified by omitting CdCl 2 and adding 1 M TTX. For potassium current analysis, extracellular solution was aCSF supplemented with 0.5 mM CdCl 2 and 1 M TTX, and intracellular pipette solution (Pipette Solution II) contained 125 K-gluconate, 10 KCl, 5 HEPES, 4 NaCl, 0.1 CaCl 2 , 2 MgCl 2 , 4 MgATP, and 0.3 NaGTP, adjusted to pH 7.3 with KOH (Pipette Solution III). For action potential firing analysis, aCSF served as external solution and Pipette Solution III was used in pipettes. When antibodies (500 g/ml) were used, pipettes were backfilled ϳ0.5 mm with polypeptide-free solution before top-filling with antibody-containing solution. The recording chamber was set within a Nikon Eclipse FN1 microscope equipped with 63ϫ water-immersion objective and video camera. Hippocampal CA1 neuron soma were visualized with infrared light and differentiation interference contrast optics, pipette seals of 5-10 G⍀ achieved, and whole-cell access yielded series resistance of 6 -12 M⍀ for Pipette Solution I and II or 12-25 M⍀ for Pipette Solution III.
Voltage-clamp and current-clamp experiments were conducted using a MultiClamp700 amplifier, Digidata 1440A digital/analog interface, and pCLAMP10 software (Molecular Devices). When using patch pipettes containing antibody, recordings were conducted 5 min after gaining cell access (preperfusion control) and at later time periods after antibody perfusion. After the perfusion of cells, some pipettes were pulled back during suction application to isolate a nucleated patch and then rerecorded. Recording signals were filtered at 5 kHz and digitized at 10 kHz or 20 kHz. Membrane capacitance and series/access resistance were calculated from current responses to a voltage-clamped hyperpolarization step. For measurements of evoked sodium currents, capacitive and leak currents were subtracted using the presweep hyperpolarizing P/N method in the pCLAMP10 software. For recording action potentials, the cell's holding potential was adjusted to approximately Ϫ70 mV in current-clamp mode and then subjected to 800 ms current injection sweeps in 20 pA steps while applying bridge balance correction. In some cells, goat anti-rat IgG Oregon Green conjugate (500 g/ml) was included in the pipette, and after 30 min recording, the pipette was gently pulled off, and the slice was fixed and processed for ankyrin G immunofluorescence to assay the diffusion of Ig through dendritic and axonal processes.
Spike data analysis. Capacitance (C) and charging decay time (Tau) in recorded neurons was calculated from the current transient induced by a voltage-clamp step, and series resistance was calculated as R series ϭ Tau/C. Input resistance (R input ) was measured by the ohmic voltage/ current relationship. Spiking profiles in hippocampal neurons were only considered for cells showing Ͻ20% R series and R input deviation over the entire recording period. Each spike interval was plotted against the spike number, beginning with the third spike interval (as some neurons displayed an initial burst doublet or triplet; Fig. 3A -H ). Spikes were analyzed from a current sweep yielding a third spike interval of 40 -55 ms. Greater than 80% of neurons displayed spike accommodation 5 min after achieving whole-cell access, as assessed by highly significant deviation from a set of hypothetical nonaccommodating intervals of 50 Ϯ 5 ms ( p Ͻ 0.001 by ANCOVA). ANCOVA calculations were performed using an on-line calculator (http://vassarstats.net). To assess stability of accommodation during pipette perfusion, spike intervals Ն3 and with third spike interval of 40 -55 ms were compared at 5 min versus 50 min post access, and trendlines were assessed for significant difference if p Ͻ 0.05 by ANCOVA. After ascribing significant or insignificant change in accommodation for each neuron in different treatment groups, the overall statistical significance of a particular treatment was assessed by 2 analysis using an on-line calculator (http://vassarstats.net). Spike voltage threshold was defined as the voltage onset of positive ␦ 2 V/␦t 2 , calculated using Clampfit10 software (Molecular Devices).
Voltage-gated sodium current data analysis. The percentage of channels in the long-term inactivated state at each depolarization cycle or the percentage of resurgent current at each repolarization under a specific set of conditions (plasmids transfected, peptides or antibodies in pipette, postaccess recording time) were expressed and graphed as mean Ϯ SE, and the statistical significance of varying one of these conditions (e.g., postaccess recording time) was calculated by the two-tailed Student's t test. For each cell analyzed for voltage dependence of activation, steadystate (fast) inactivation, and long-term inactivation, data at all tested voltages were fit to a Boltzmann equation to establish V 1/2 and slope k values using Clampfit10, and the values for all cells recorded under the same conditions were expressed and graphed as mean Ϯ SE. Recovery of channels from long-term inactivation was fitted to a single-term exponential decay equation using Clampfit. Experiments that compared sodium currents before and after antibody perfusion only considered for analysis cells showing Ͻ20% R series deviation over the entire recording period.
Voltage-gated calcium current data analysis. Recordings were made 20 min after CA1 neuron access and inward calcium currents were evoked by a 200 ms depolarization from Ϫ90 to 0 mV. The amplitude of the persistent current and the amplitude, time-to-peak, and first-order decay of the transient current were assessed using Clampfit. For each of these parameters, values obtained in control cells and those perfused with A-type FHF monoclonal antibody were evaluated by t test for significant difference.
Voltage-gated potassium current data analysis. Recordings were made 20 min after CA1 neuron access and outward potassium currents were evoked by 40 ms depolarization from Ϫ90 mV to between Ϫ30 and 0 mV. Transient currents were highly variable among recorded cells (Fig. 6G, J ) , precluding quantitative analysis. Persistent potassium currents in control cells and those perfused with A-type FHF monoclonal antibody were evaluated by t test for significant difference.
Results

Monoclonal antibody to A-type FHFs neutralizes their sodium channel inactivation particles
Each of four FHF genes encodes multiple protein isoforms differing in their N-terminal extensions through alternative sites of transcription initiation and pre-mRNA splicing (Hartung et al., 1997; Munoz-Sanjuan et al., 1999; Q. Wang et al., 2000) . The highly conserved ␤-trefoil core common to all FHF isoforms binds to the C-terminal cytoplasmic tail of voltage-gated sodium channels (Goetz et al., 2009; C. Wang et al., 2012) . The A-type isoforms encoded by all four FHF genes bear 78 -100% pairwise identity through residues 1-18, and this conserved N terminus serves as a long-term inactivation particle for voltage-gated sodium channels by competing with the fast inactivation gating mechanism intrinsic to all sodium channels (Dover et al., 2010) .
A monoclonal antibody raised against a peptide corresponding to the predicted N terminus of FHF2A (NeuroMab N235/22) could be shown to react with FHF1A, FHF2A, and FHF4A proteins (Fig. 1A) . The reactive epitope includes residues Arg-11 and Arg-14 common to all four of the A-type FHFs (Fig. 1A) . To test whether Mab N235/22 neutralizes the long-term inactivation particles on A-type FHFs, Neuro2A cells were transfected with vectors to express different A-type FHFs along with a TTXresistant variant of sodium channel Na v 1.6 (Dover et al., 2010) . Transfected cells were patched in the whole-cell configuration and recorded in the presence of TTX, Cd ϩ2 , and TEA to isolate inward Na v 1.6-derived sodium currents using a four-cycle depolarization protocol to detect long-term channel inactivation (Fig.  1B) . In some cases, patch pipettes contained 500 g/ml Mab N235/22 and cells were recorded at 2 min after cell break-in be- Lysates were electrophoresed on duplicate gels and immunoblotted with either A-FHF-specific or C terminus-specific FHF2 antibodies (FHF2CT). N235/22 pan-A-FHF reactivity is apparent with a binding epitope that includes residues Arg11 and Arg14. B, Voltage-clamp protocol for accumulating long-term inactivation used in C-H. The 40 ms intervals at Ϫ90 mV allow for full recovery from fast inactivation, but only partial recovery from long-term inactivation, which has a far slower recovery rate. C-E, TTX-resistant Na v 1.6 sodium current traces in Neuro2A cells expressing Na v 1.6
TTXr only (C) or together with FHF2A (D, E). E, The patch pipette contained A-FHF antibody that was perfused into the cell 40 min before recording. F-H, A-FHF antibody blocks long-term inactivation by any A-type FHF. Graphical display of Na v 1.6
TTXr transient currents from cells expressing FHF1A (F ), FHF2A (G), or FHF4A (H ) recorded at 2 min or longer time periods after cell break-in using pipette solutions with or without A-FHF antibody. Long-term inactivation by each FHF is stable over entire recording period in absence of antibody, but is inhibited when sufficient time is allowed for antibody perfusion (**p Ͻ 0.002; ***p Ͻ 0.001; n ϭ 5 or 6 cells for each test condition). I-K, Effect of A-FHF antibody on A-type FHF-induced depolarizing shifts in steady-state Na v 1.6 inactivation. Noninactivated channel currents were measured at the 0 mV reporting voltage (RV in I inset) following 60 ms hold at various conditioning voltages (CV in I inset). All A-FHFs induce an ϳ15 mV depolarizing shift in voltage dependence of Na v 1.6 steady-state inactivation (Dover et al., 2010) . N235/22 A-FHF monoclonal antibody has no effect on steady-state inactivation modulation by FHF1A (I ), FHF2A (J ), or FHF4A (K ) (n ϭ 5 to 8 cells for each test condition).
fore substantial intracellular antibody perfusion could occur and again after 30 -55 min of antibody perfusion. As described previously, in the absence of FHFs, Na v 1.6 channels open and fast inactivate upon membrane depolarization, and nearly all channels recover from inactivation within 40 ms of repolarization and are available to open again upon subsequent depolarizations (Fig. 1C) . In the presence of FHF1A, FHF2A, or FHF4A, a fraction of the channels undergoes longterm inactivation and fails to recover within 40 ms while the remainder undergoes fast inactivation, leaving progressively fewer channels available to generate sodium current with each successive depolarization ( Fig. 1 D, F-H ). With Mab N235/22 in the pipette, long-term inactivation mediated by any of the FHFs was largely suppressed after 30 -55 min of perfusion ( Fig. 1E-H ) . The antibody specifically suppressed channel longterm inactivation with no significant effect on the voltage dependence of channel fast inactivation ( Fig. 1I-K) , an independent modulatory property of FHFs mediated by regions away from the N termini of these proteins (Goldfarb et al., 2007; Dover et al., 2010) . ThesedataestablishMabN235/22asabroadly acting and functionally specific inhibitor of A-type FHF-mediated sodium channel longterm inactivation.
A-type FHFs are required for spike accommodation in hippocampal CA1 neurons Many classes of vertebrate neurons experience classical spike accommodation (Sawczuk et al., 1995; Faber and Sah, 2002; Y. Wang et al., 2004; Miles et al., 2005; Tombaugh et al., 2005; Chevaleyre and Siegelbaum, 2010; S. Chen et al., 2014) . To explore whether A-type FHFs are candidate mediators of accommodation, we surveyed A-type FHF expression in the brain by immunofluorescence. A-type FHFs were readily detectable on neuronal axon initial segments, where they colocalized with ankyrin G (Fig. 2) . Expression sites include hippocampal pyramidal layer ( Fig. 2A-C) , subiculum ( Fig. 2D-F ), cerebral cortex ( Fig. 2G-I ), cerebellar cortex (Fig. 2J-L) , and motor neurons in the facial nucleus ( Fig. 2M-O) . While expression levels of A-type FHFs were fairly uniform among motor neurons and pyramidal neurons in the hippocampus and subiculum, the levels of expression among cerebral and cerebellar cortical neurons were found to be highly variable (Fig. 2G-L) .
Based upon the above expression pattern, potential modulation of excitability by A-type FHFs was studied in juvenile mouse hippocampal CA1 pyramidal neurons, as all of these neurons express A-type FHFs on their axon initial segments ( Fig. 2A-C ). An example of spike accommodation in a CA1 neuron in response to an 800 ms constant current injection is shown in Figure 3 , A and B. The firing pattern is stable over a 50 min recording period (Fig. 3 A, B) . In some neurons, firing initiated with a two-or three-spike burst followed by the accommodating train (Fig. 3C,D) . When the same neurons were rerecorded 50 min after pipette break-in, the initial spike burst often dissipated (Fig. 3C, lower trace) , but spike accommodation persisted (Fig. 3C,D) . All nine neurons recorded in this manner retained spike accommodation over a 50 min recording period (Fig. 3I ) .
The stability of spike accommodation during extended recordings allowed for experiments with Mab N235/22 perfusion to test for accommodation's dependence upon A-type FHFs. To , Another cell without antibody shows a two-spike burst followed by spike accommodation; the burst phenomenon dissipated, but accommodation was stable over 50 min recording. E, F, In cell patched with A-FHF Mab, at 5 min post access, the cell shows a two-spike burst followed by accommodating train, and accommodation was largely repressed following 50 min of perfusion. G, H, Cell patched with neuregulin Mab shows accommodation that is stable over 50 min of perfusion. I, For each recorded neuron, spike accommodation at 5 min and again at 50 min post access was quantitated and plotted as the percentage increase in the tenth interspike interval compared with the third interval. To the right is a scatter plot of accommodation reduction in all recorded cells, with each cell marked by open symbols and mean reduction and SE indicated as closed symbols. The significance of accommodation reduction for each cell was assessed by ANCOVA and indicated below the plot. J-M, Ig perfusion of a CA1 pyramidal neuron. CA1 neuron within a hippocampal slice was patched with pipette containing OregonGreen 488-conjugated nonspecific Ig, and the slice was fixed following 30 min perfusion and processed for confocal fluorescence. Perfused Ig was detected in two optical planes of the cell (J, K ) including all proximal processes. L, Same optical field as K shows ankyrin G immunofluorescence, and overlay (M ) includes TOPRO nuclear fluorescence. So, soma; ad, apical dendrite; bd, basal dendrite; ais, initial segment. first ascertain whether antibody can passively perfuse from pipette into neuronal processes, a CA1 neuron was patched with a pipette filled with fluorescently tagged nonspecific Ig and fixed after 30 min of perfusion. As shown in Figure 3 , J-M, fluorescent Ig readily perfused into the neuron's apical dendrites and basal processes, including the proximal axon, thereby demonstrating the technical efficacy of passive antibody perfusion. Figure 3 , E and F, shows an example of recording from a Mab N235/22-perfused neuron. While spike accommodation was evident within 5 min of pipette break-in, it was virtually eliminated 50 min later. MAb N235/22 induced 77.4 Ϯ 5.7% inhibition of accommodation, with significant inhibition ( p Ͻ 0.005 by ANCOVA) observed in all 12 tested neurons (Fig. 3I ) . Inhibition of spike accommodation was specific to A-type FHF antibody, as perfusion with an off-target monoclonal antibody (antineuregulin) of the same Ig isotype failed to induce significant block of spike accommodation in any of nine tested cells (Fig. 3G-I ) .
Classical accommodation in these CA1 neurons was accompanied by a gradual spike-to-spike rise in the voltage spike threshold (Fig. 4 A, B) . Following 50 min of MAb N235/22 perfusion, the threshold for successive spikes showed far less rise ( Fig. 4C-E) . Among all 11 neurons perfused with A-type FHF Mab, the rise in spike threshold between the 4th and 12th spike was highly significant at 5 min post access (***p Ͻ 0.001), but the rise was greatly reduced after 50 min of antibody perfusion and suppression of accommodation (Fig. 4F ) . These findings suggested that progressive loss of sodium channel availability due to A-type FHF-mediated channel long-term inactivation could be the underlying basis for spike accommodation (Miles et al., 2005; Platkiewicz and Brette, 2011) .
A-type FHFs mediate long-term sodium channel inactivation in soma and proximal processes of hippocampal CA1 neurons
Since classical spike accommodation in hippocampal neurons was found to be A-type FHF dependent, we tested whether A-type FHFs mediate long-term inactivation of sodium channels residing in CA1 neurons. When a whole-cell patched neuron was subjected to eight 40 ms depolarizations to 0 mV spaced by 40 ms recovery intervals at Ϫ90 mV, channels associated with approximately one-quarter of the recorded sodium current accumulated into a long-term inactivated state (Fig. 5A) . The long-term inactivated channels recovered at Ϫ90 mV with a time constant of 444 Ϯ 22 ms (n ϭ 8, example; Fig. 5D ). These dynamics of wholecell recorded sodium channels in hippocampal neurons closely resemble the behavior of Na v 1.6 channels in the presence of A-type FHFs (Fig. 1) , although the data suggest that only a subset of neuronal channels is susceptible to long-term inactivation. Twenty-two cells were then patched using pipettes with or without MAb N235/22 and recordings were made at 5 and 20 min after pipette break-in (longer incubation with cesium-based pipette solution led to erosion of seal). In the absence of the A-type FHF antibody, channels associated with 24.8 Ϯ 0.7% of the sodium current underwent accumulating long-term inactivation that was still detectable when recording at 20 min post access (Fig.  5 A, C) . In the presence of Mab N235/22, long-term inactivation was reduced to 9.4 Ϯ 1.5% of recorded sodium current after 20 min of perfusion (Fig. 5 B, C) , which represented a highly significant inhibition of inactivation ( p Ͻ 0.0001 by t test). Hence, Figure 4 . Voltage spike thresholds rise during spike accommodation. A, Spike pairs from an accommodating spike train are shown in overlapping traces with the first spike in each pair aligned. B, Increasing spike-to-spike intervals are accompanied by progressively elevated spike thresholds, as shown in this enlargement of aligned superimposed spikes. When this same cell was perfused for 50 min with A-type FHF Mab N235/22, spike intervals showed greatly reduced accommodation (C) and spike thresholds were nearly identical throughout spike train (D, E). Spike threshold rises approximately linearly during accommodation, with the exception of early burst spike (E). F, Among all 11 neurons perfused with A-type FHF Mab, the rise in spike threshold between the 4th and 12th spike is highly significant at 5 min post access (***p Ͻ 0.001 by paired t test), but the rise is greatly reduced after 50 min of antibody perfusion as accommodation is suppressed.
A-type FHF blockade inhibits long-term inactivation of sodium channels recorded in the whole-cell configuration.
The whole-cell recorded sodium current reflects the combination of currents emanating from the soma and proximal processes. To assess the somatic contribution to the total sodium current and long-term sodium channel inactivation, nucleated patches were excised from whole-cell patched cells following a period of pipette perfusion with or without monoclonal antibody. Nucleated patches contained ϳ25% of the somatic membrane, as judged by comparison of fast capacitive current transients elicited from whole-cell and nucleated patch configurations (Fig. 5E ). Sodium current transients recorded from nucleated patches ranged from 60 to150 pA (2-5% of whole-cell sodium current; Fig. 5F ), demonstrating that only 10 -20% of sodium current from whole-cell recordings derives from channels residing in somatic membrane. Sodium channels associated with 35.7 Ϯ 3.8% of somatic sodium currents experienced accumulating long-term inactivation upon repetitive depolarizations (Fig. 5 F, H ) , consistent with previous observation (Jung et al., 1997) . However, when neurons were perfused with A-type FHF monoclonal antibody, channel long-term inactivation was significantly reduced to only 7.3 Ϯ 1.9% of the sodium conductance ( Fig. 5G,H ; p Ͻ 0.0005 by t test). These results demonstrate that sodium channels in both the soma and in proximal processes are subject to A-type FHF-mediated long-term inactivation, and suggest that the somatic channels exhibit somewhat greater occupancy or sensitivity to A-type FHFs. We assume that the source of long-term inactivating extrasomatic sodium current is largely from the axon initial segment, as both sodium channels and A-type FHFs are clustered in this region of CA1 neurons ( Fig.  2A-C) . However, long-term inactivation of sodium channels recorded from whole cells may also include a lesser contribution from proximal dendrites (Colbert et al., 1997; Jung et al., 1997) .
In light of a recent report that some FHFs can influence voltage-gated calcium current density (Yan et al., 2013), we further surveyed voltage-gated calcium and potassium conductances for potential A-type FHF dependence in CA1 neurons. Calcium currents were recorded from voltage-clamped neurons in the presence of extracellular TTX, TEA, 4-AP, and cesiumbased pipette solution. Depolarization to 0 mV from a Ϫ90 mV holding potential induced inward calcium current with slow time to peak and partial inactivation over a 200 ms time window (Fig.  6A ), similar to prior observations (Brown and Griffith, 1983) . The inactivated calcium conductance was very slow to recover, such that less calcium current was induced by a second depolarization following a 40 ms, Ϫ90 mV interval (Fig. 6A) . Similar calcium currents were obtained following 30 min perfusion with A-type FHF antibody (Fig. 6B) . The transient calcium current amplitude and its time-to-peak and decay rate, along with the amplitude of persistent calcium current, were not significantly affected by perfusion with monoclonal antibody (Fig. 6C-F ) . Potassium currents were recorded by applying voltage steps to neurons in the presence of extracellular TTX, Cd ϩ2 , and potassium-based pipette solution. In most neurons, depolarization induced a predominantly noninactivating outward current that was reproduced upon a second depolarization following a 40 showing reduction in channel long-term inactivation after 20 min perfusion. C, Graphical display of long-term inactivation data recorded from all cells with A-FHF antibody (n ϭ 11) and without antibody (n ϭ 11). Antibody inhibits channel long-term inactivation after 20 min perfusion (***p Ͻ 0.0001). D, Recovery from long-term inactivation. Superimposed sodium current recordings of a neuron subjected to 10 brief depolarizations at 20 Hz and a subsequent test depolarization after recovery periods of 200 -1600 ms (inset). The depolarization train drives ϳ25% sodium channels into long-term inactivation that recover at Ϫ90 mV with Tau ϭ 444 Ϯ 22 ms (n ϭ 8 cells). E, Sodium and capacitive currents in nucleated patch. A CA1 neuron in whole-cell configuration was hyperpolarized in voltage-clamp to quantify capacitive current (above) and depolarized to detect sodium current (below). A nucleated patch was then harvested from this cell, and both capacitive and sodium currents were recorded again. The nucleated patch capacitance represented ϳ25% of the whole soma capacitance estimated from the fast decaying phase of the whole-cell capacitive current, but the nucleated patch sodium current was only ϳ2.5% of the whole-cell sodium current, demonstrating that only 10% of the whole-cell sodium current was somatic in origin. F, Long-term sodium channel inactivation in nucleated patch. A nucleated patch was extracted 20 min after accessing a CA1 neuron. Sodium currents were induced from the somatic membrane by eight depolarization cycles (as in A) and showed accumulating current loss. G, A-type FHF dependence of somatic sodium channel long-term inactivation. Example of nucleated patch recording from a neuron perfused with A-type FHF antibody for 20 min. There is no significant loss of sodium currents over eight depolarization cycles. H, Graphical display of long-term inactivation data recorded from all nucleated patches with A-FHF antibody (n ϭ 4) and without antibody (n ϭ 7). Antibody inhibition of long-term inactivation is highly significant (***p Ͻ 0.0005).
ms recovery (Fig. 6G) . The amplitude of the noninactivating potassium current was indistinguishable among neurons perfused in the presence of A-type FHF monoclonal antibody (Fig. 6 H, I ). Less frequently, neurons displayed substantial inactivating potassium current in either the absence (Fig. 6J ) or presence (Fig. 6K ) of monoclonal antibody.
From these current analyses, we can conclude that A-type FHFs mediate spike accommodation solely through their induction of accumulating long-term inactivation of sodium channels.
An N-terminal open-channel blocking particle on A-type FHFs induces long-term inactivation of sodium channels
Having established the mechanism of classical accommodation and the first biological function of A-type FHFs, we conducted further experiments to clarify the mechanism of sodium channel modulation by A-type FHFs. A-type FHF-induced Na v 1.6 longterm inactivation requires greater membrane depolarization than that required for channel fast inactivation (Dover et al., 2010) . Although the half-maximal membrane voltage (V 1/2 ) for Na v 1.6 long-term inactivation in the presence of A-type FHFs was reported to be ϳ7 mV negative to V 1/2 for channel activation (Dover et al., 2010) , we have revisited whether long-term inactivation occurs only to channels reaching the open state. To more accurately compare the voltage dependence of channel transition into activated and long-term inactivated states, two important modifications were made to our prior recording protocols (see Material and Methods for rationale behind these changes). First, voltage commands and current recordings were now performed on Neuro2A cells expressing FHF2A and the fast inactivationdeficient mutant sodium channel Na v 1.6 TTXr F1478Q (Dover et al., 2010) . Second, channel activation and long-term inactivation were now tested in a revised three-step protocol consisting of a brief 5 ms variable-step depolarization, a 40 ms, Ϫ90 mV recovery phase, and a subsequent depolarization to 0 mV; channel activation is thereby reported by sodium current induced in the first depolarization, and the extent of long-term inactivation induced during the first depolarization is reported by the reduction of sodium current elicited by the second depolarization after the 40 ms recovery period. Figure 7A shows sodium current traces obtained from one cell with the revised voltage-clamp protocol, and Figure 7B contains the graphical analysis of voltage dependence of sodium channel activation and long-term inactivation for all recorded cells. The voltage dependence of channel activation (Ϫ30.6 Ϯ 1.0 mV) and FHF-mediated long-term inactivation (Ϫ30.3 Ϯ 1.6 mV) were indistinguishable in this assay.
The above finding demonstrated that very similar voltagedependent sodium channel transitions are needed to open the channel and to render it susceptible to FHF-mediated long-term inactivation, suggesting that A-type FHFs act as open-channel blockers. We investigated this possibility more directly by testing whether the A-type FHF inactivation particle and a known open channel-blocking particle associated with the accessory channel subunit Na v ␤4 mutually compete for binding to open sodium channels. A short peptide corresponding to an epitope in the cytoplasmic domain of Na v ␤4 (␤4 154 -167 ) has been shown to block the open sodium channel conductance path at positive membrane potentials and to rapidly dissociate upon membrane repolarization, thereby generating resurgent sodium current before channel deactivation (Grieco et al., 2005; G.K. Wang et al., 2006; Bant and Raman, 2010; Theile et al., 2011) , which is thought to underlie the ability of certain types of neurons to fire at very high frequencies (Raman and Bean, 1997; Khaliq et al., 2003; Castelli et al., 2007) . Our experiment required use of a different sodium channel, as ectopically expressed Na v 1.6 does not readily generate resurgent current in the presence of Na v ␤4 protein (Y . Chen et al., 2008) or Na v ␤4-derived blocking peptide (data not shown). Therefore, we used a mutant fast inactivation-defective cardiac sodium channel Na v 1.5 F1486Q . G.K. have shown that cells ectopically expressing this channel and patched with a pipette containing ␤4 154 -167 peptide under conditions that reduce the sodium reversal potential experience outward sodium current at strong positive membrane potential, which is quickly blocked by ␤4 peptide and subsequent inward resurgent current upon membrane repolarization. Therefore, we assayed sodium currents in Neuro2A cells ectopically expressing Na v 1.5 F1486Q using pipettes containing ␤4 154 -167 peptide and/or an A-type FHF-derived peptide (F2A 2-18 ), which is able to induce channel long-term inactivation (Dover et al., 2010) .
In the absence of peptides, a series of depolarizations to ϩ70 mV applied to Na v 1.5 F1486Q -expressing cells generated weakly inactivating outward sodium currents (Fig. 7C, red arrows) , each time followed by an instantaneous inward tail current preceding channel deactivation upon shift to Ϫ100 mV (Fig. 7C) . In the presence of ␤4 154 -167 , open channels underwent block at ϩ70 mV terminating the outward current, and then briefly reopened upon shift to Ϫ100 mV generating a resurgent inward current (Fig. 7D, green arrows) , recapitulating prior published studies (G.K. . F2A 2-18 peptide, in contrast, terminated outward sodium current and drove the channels into a longer term inactivated state such that only some of the channels recovered within 40 ms at Ϫ100 mV (Fig. 7E, red arrows) . F2A 2-18 peptide block did not allow for resurgent sodium current, as the peptide remained tightly bound to the channel after the shift from ϩ70 mV to Ϫ100 mV (Fig. 7E) . Mutual competition for channel binding was seen when both peptides were present. While some resurgent current was observed upon the first repolarization, reflecting the block of some channels by ␤4 154 -167 during the initial depolarization, resurgent current declined following subsequent repolarization cycles (Fig. 7F,G) , demonstrating an accumulating inhibition of ␤4 154 -167 channel binding by F2A 2-18 peptide. Reciprocally, ␤4 154 -167 channel binding during the initial depolarization cycle modestly, but significantly, impaired F2A 2-18 -mediated channel long-term inactivation, which was enhanced in subsequent depolarization cycles (Fig. 7F,H) . The mutual competition for channel binding between A-type FHF-and Na v ␤4-derived peptides confirms that these proteins have overlapping binding sites within open sodium channels. The N-terminal long-term inactivation particle of FHF2A induces open-channel block. A, B, Coincident voltage dependence for Na v 1.6 F1478Q activation and FHF2A-dependent long-term inactivation. Sodium currents in Neuro2A cells expressing fast inactivation-defective Na v 1.6 F1478Q and FHF2A were recorded during voltage sweeps consisting of a 5 ms variable-step depolarization, 40 ms recovery at Ϫ90 mV, and second depolarization to 0 mV (A, bottom). Currents from several sweeps are superimposed (A), showing that voltages initially activating sodium channels trigger long-term inactivation. Inset trace is from a cell expressing Na v 1.6 F1478Q only and showing virtually no channel inactivation during a 16 ms depolarization to 0 mV. B, Superimposed plots of voltage dependence for channel activation and long-term inactivation in all cells (n ϭ 6). Colored arrows highlight voltages displayed in A. C-H, The Na v ␤4 blocking particle and FHF2A long-term inactivation particle compete for binding to Na v 1.5 open channels. Sodium currents were recorded in Neuro2A cells expressing fast inactivation-defective Na v 1.5 F1486Q with bath and pipette solutions shifting the sodium reversal potential to Ϫ10 mV. Four depolarizations to ϩ70 mV were spaced by 40 ms, Ϫ100 mV recovery periods (C, bottom). C, No peptide in pipette: equivalent and largely noninactivating outward currents were generated at each depolarization (red arrows), with brief inward tail currents upon repolarizations. D, 1 mM ␤4 154 -167 peptide in pipette: equivalent outward currents (red arrows) were transient due to ␤4 block, and each repolarization generated comparable inward resurgent current (green arrows). E, One micrometer F2A 2-18 peptide in pipette: all transient outward current upon depolarization was fully blocked by peptide and ϳ35% of channels recovered after 40 ms at Ϫ100 mV, resulting in smaller outward currents upon depolarizations 2, 3, and 4 (red arrows). Stable peptide binding precluded resurgent current upon Ϫ100 mV repolarizations. F, ␤4 154 -167 and F2A 2-18 peptides (1 mM each) in pipette: transient outward currents (red arrows) and resurgent inward currents (green arrows) both progressively decreased. All channels are blocked by either ␤4 or F2A peptide in the first depolarization, with ␤4 binding preventing maximal long-term inactivation by F2A (transient current 2Ͼ3Ͼ4), and stable F2A binding progressively blocking ␤4-mediated resurgent currents. G, Plot of resurgent currents from cells containing ␤4 peptide (n ϭ 5) or ␤4 ϩ F2A peptides (n ϭ 6). Resurgent current is significantly decreased upon repolarizations 2, 3, and 4 (***p Ͻ 0.0001). H, Plot of depolarization-induced transient currents from cells containing no peptide (n ϭ 4), F2A peptide (n ϭ 6), or ␤4 ϩ F2A peptides (n ϭ 6). The second-cycle transient current inhibition by F2A is significantly suppressed by ␤4 peptide (*p Ͻ 0.02).
Multiple residues within A-type FHFs contribute to induction and maintenance of long-term inactivation
The individual residues near the N terminus of FHF2A required for induction of Na v 1.6 long-term inactivation were determined by engineering substitutions at aliphatic and basic residues (Fig.  8A ) and assaying transfected Neuro2A cells using the four-cycle depolarization protocol (Fig. 8B) . Representative current traces are shown in Figure 8C , while long-term inactivation of all mutant FHFs are graphically represented (Fig. 8D) . Alanine substitutions at either Leu-9 or Ile-10 completely suppressed channel long-term inactivation (Fig. 8D) , while Ile-5 substitution caused mild impairment as manifested by less accumulation of channels into the long-term inactivated state (Fig. 8D ) and faster recovery from long-term inactivation (Fig. 8E) . The effect of mutagenesis on recovery rate argues that the FHF N terminus maintains the inactivation state and does not simply catalyze entry into this state. Additionally, glutamine substitutions at any one of the basic residues, Arg-11, Lys-13, Arg-14, or Arg-17, caused impairment of long-term inactivation accumulation and hastened recovery (Fig. 8 D, E) , while double substitutions at Arg-11/ Arg-14 or Arg-14/Arg-17 completely suppressed long-term inactivation (Fig. 8D) . None of these substitutions significantly affected the ability of FHF2A to modulate steady-state fast inactivation (data not shown). Therefore, the N termini of A-type FHFs rely upon their extensive hydrophobic and cationic character for binding as open-channel blocking particles and maintaining the long-term inactivated state. The role of the FHF blocking particle in maintaining sodium channel long-term inactivation serves as further evidence that fast-onset long-term inactivation and slow inactivation are distinct channel states (see Discussion).
Discussion
FHFs modulate sodium channel gating and neuronal intrinsic excitability in complex ways. Proteins encoded by the genes Fhf4 and Fhf1 had been shown previously to promote excitability in cerebellar granule and Purkinje neurons by raising the voltage dependence of sodium channel fast inactivation or by enhancing sodium current density (Goldfarb et al., 2007; Shakkottai et al., 2009 duced firing (classical accommodation) in hippocampal neurons by promoting accumulating long-term sodium channel inactivation. Action potentials mediated by current injection cumulatively reduce channel availability, thereby delaying firing by raising voltage spike threshold. Thus, classical accommodation in these neurons is mediated by the combination of progressively declining available sodium conductance driven by FHFs and progressively increasing M-type potassium conductance carried by Kv7 channels during the spike train (Otto et al., 2006) .
Only ϳ25% of the sodium current in whole-cell recordings of CA1 neurons was susceptible to long-term inactivation, suggesting that A-type FHFs are associated with only a subset of channels in these cells due either to limited levels of FHF expression or to differential FHF affinity toward sodium channel isoforms. Different classes of neurons are likely to achieve distinct firing properties in part through expression of specific combinations of FHF isoforms (Goldfarb et al., 2007; Wozniak et al., 2007) together with potentially different distributions of FHFs within the axon initial segment .
The broad expression of A-type FHFs on axon initial segments of neurons across the CNS suggests that these FHFs have widespread effects on neural excitability. As one intriguing example, spinal motor neurons exhibit classical accommodation that cannot be attributed to calcium-activated or M-type potassium currents (Miles et al., 2005) . These neurons also exhibited fast-onset long-term sodium channel inactivation (Miles et al., 2005) and motor neurons also express A-type FHFs (Fig. 2M-O) , suggesting a similar mechanism of accommodation to that described here for hippocampal neurons.
While spike accommodation was almost always observed in CA1 neurons, spike attenuation (defined as diminishing spiketo-spike amplitude) was highly variable and sometimes absent in our experiments (Fig. 3E) , similar to results reported previously (Colbert et al., 1997) . In one neuron, attenuation of 7 mV was largely retained during monoclonal A-type FHF antibody perfusion even as spike accommodation was suppressed (data not shown), suggesting that A-type FHFs are not critical mediators of attenuation in this cell type. Hence, a partial loss in sodium channel availability during repetitive firing can substantially increase time-to-spike threshold with lesser effects on spike amplitude. We speculate that each action potential is triggered during a current injection-driven slow voltage ramp when a small sodium current onset drives the feedforward opening of all available sodium channels. As accumulating long-term inactivation reduces channel availability, the slow voltage ramp persists longer to a higher voltage threshold to allow for the same critical sodium current to be generated from fewer available channels.
Hippocampal CA1 neurons exhibit fast-onset long-term inactivation of sodium channels residing in the axon initial segment, the soma (Jung et al., 1997; Martina and Jonas, 1997;  Fig. 5F ), and on dendritic membranes (Colbert et al., 1997; Jung et al., 1997) . It remains to be determined whether A-type FHFs are also responsible for dendritic channel long-term inactivation and attenuation of backpropagating sodium dendritic spikes characterized in these cells (Andreasen and Lambert, 1995; Callaway and Ross, 1995; Colbert et al., 1997; Jung et al., 1997) .
Many features of FHF-mediated sodium channel long-term inactivation are comparable to the behavior of sodium channels in the giant axon of the worm Myxicola (Rudy, 1981) , including millisecond-range onset, second-range recovery, cumulative entry, and accelerated recovery at hyperpolarized membrane potential. However, FHF genes are only found in vertebrates and their ancestral chordates (Popovici et al., 2005) . Therefore, a second molecular mechanism must exist for fast-onset long-term inactivation exploited in Myxicola that results from an intrinsic sodium channel property or driven by an accessory molecule other than FHFs.
A-type FHFs bear an N-terminal particle that mediates openchannel block and long-term inactivation of voltage-gated sodium channels. The slow recovery of blocked channels likely reflects a large surface of interaction between the blocking particle and the channel pore, as seven highly conserved aliphatic and cationic amino acid residues on the 17-mer FHF2A particle contribute to long-term channel block (Fig. 8) . Prior studies had suggested that the fast-onset long-term inactivation state in CA1 neurons and the slow inactivation state of sodium channels are mechanistically equivalent and arrived at through different transitions (Mickus et al., 1999) . Since that time, several studies have referred to fast-onset accumulating long-term inactivation as slow inactivation (Miles et al., 2005; Aman and Raman, 2007; Milescu et al., 2010) . However, our finding that A-type FHF N-terminal residues are needed for maintenance of long-term inactivation at strong negative membrane potential (Fig. 8E ) argues that this state is structurally distinct from the slow inactivation state.
The blocking particle of another sodium channel binding protein, Na v ␤4, appears to have a similar physical mechanism for inducing channel block, as both A-type FHF and Na v ␤4 particles compete for binding to open channels, and both particles rely upon hydrophobic and cationic residues. However, the different physiological consequence of Na v ␤4 channel block is the result of rapid ␤4 particle dissociation upon repolarization, which produces pro-excitatory resurgent sodium current before channel deactivation or inactivation (Grieco et al., 2005; Aman and Raman, 2010; Theile et al., 2011) . Although A-type FHF and Na v ␤4 particles can compete to some extent for binding to sodium channels in the ectopic Neuro2A cell system described here, it remains to be determined whether these channel modifiers interplay in vivo. Accommodating hippocampal pyramidal neurons expressing A-type FHFs do not generate resurgent current (Raman and Bean, 1997; Cannon and Bean, 2010) nor express Na v ␤4 (Grieco et al., 2005) . However, cerebellar granule neurons express Na v ␤4 and generate resurgent current (Bant and Raman, 2010) while also expressing A-type FHFs (Fig. 2J-L) , suggesting possible interplay between these two open-channel blockers in some neural cell types.
These functional experiments were made possible by the availability of highly potent pan-A-type FHF monoclonal antibody (N235/22) that specifically neutralizes the long-term inactivation particle of several A-type FHFs without affecting either A-type FHF-mediated modulation of steady-state fast inactivation of sodium channels or the activity of other protein isoforms encoded by FHF genes. The achievement of similar breadth and specificity of long-term inactivation suppression by genetic engineering may require generating exon 1A missense mutations in each of the four FHF genes. While such mutant animals are currently unavailable, the advent of new high-efficiency gene-editing technology (Ran et al., 2013; may allow for future generation of mutant mice to assess the neurophysiological and behavioral consequences of A-type FHF-dependent classical accommodation.
